In hypertension, small arteries in a variety of vascular beds undergo structural changes that increase resistance. To assess whether there are differential structural changes in the penis that accompany hypertension, we began with determining structurally-based vascular resistance properties in penile and hindlimb vascular beds of adult spontaneously hypertensive rats (SHR) and Sprague-Dawley (SD) rats.
Introduction
It has been demonstrated in several forms of experimental hypertension that`slow pressor mechanisms' such as hypertrophic structural changes in the vasculature can almost completely account for the long-term resistance changes associated with the elevated arterial pressure. Folkow and colleagues 1±5 were the ®rst to demonstrate the important circulatory role of these vascular structural hypertrophic changes. Their group demonstrated, based on Poiseuille's law, that vascular resistance in an intact bed is a function of the overall hemodynamic effect of all lumen radii, the number of blood vessels, the length of the vessels and the blood viscosity. In hypertension, the increased vascular resistance is most potently conferred by a structurally-based decrease in the radius of the lumen of arterioles and small arteries and also potentially by arteriolar rarefaction whereby even a small change in the average arteriolar radii throughout a vascular bed has a dramatic in¯uence on the resistance tō ow. Furthermore, Adams et al 6, 7 and others 8, 9 have demonstrated that structural changes can precede the onset of hypertension and therefore may be an initiating mechanism. The impact of such structural changes on erectile function however, has yet to be investigated. It has been well established that the generation of a penile erection is greatly dependent on adequate blood¯ow to this vascular bed. Both smooth muscle relaxation of the corpora cavernosa as well as the vasodilation of penile arterial vessels mediates the physiological response. 10±13 One of the major fundamental etiologies of erectile dysfunction is therefore, inadequate penile arterial in¯ow. 14 If there is an inappropriate structural narrowing in the penile vasodilation that is not associated with an increase in perfusion pressure, the blood¯ow into the penis at maximum dilation may be reduced and therefore be insuf®cient for the generation of an erection.
There is increasing recognition that erectile dysfunction may appear prior to the onset of clinical signs of cardiovascular disease and therefore may be an early harbinger of progressing changes.
15±19 If hypertrophic structural changes in the penis occur early, the cardiovascular system could not operate at a suf®cient arterial pressure to compensate for the reduced in¯ow. 20 In contrast, if the penis were protected from these structural changes, there would be an increased capacity for blood¯ow to the penis, that is the spontaneously hypertensive rat (SHR) would then be a`potent' model for the study of erectile function.
In our study, we used SHR as a model of hypertension since the structurally-based vascular resistance properties in a variety of beds are well established. These properties were investigated in the penile vascular bed, using the hindlimb vessels as a comparison. In addition, experiments were performed in the normotensive Sprague Dawley (SD) rats to serve as a normotensive control for the SHR. Our objectives were (i) to establish a model for the assessment of vascular structure in the penile vasculature and (ii) to determine whether there are differential structural changes in the penile vasculature of hypertensive rats.
Method

Rats
Male SHR (246±313 g) and SD rats (246±440 g) obtained from Charles River Laboratories (Montreal, Quebec, Canada), were maintained in individual cages with a 12 h lighta12 h dark cycle, and a room temperature of 22±24 C. They were provided with standard rodent chow and tap water ad libitum and were acclimated to the room for at least 2 d before the experiments. All procedures were in accordance with the guidelines set out by the Canadian Council on Animal Care.
Penile vascular resistance properties
The penile perfusion preparation was previously established by Banting et al. 21 The heated chamber served to maintain the ambient temperature and the entire preparation at 37±38 C. The perfusate was held in a reservoir and passed through a heating and a bubble trappingamixing chamber connected to a single peristaltic pump (Gilson, Miniplus 2). An injection port was located distal to the pump for the introduction of pharmacological agents to minimize dead volume. Drugs were administered via a Harvard apparatus infusion pump. The perfusate as a Tyrode-dextran solution composed of KCl 20, CaCl 2 ÁH 2 0 32.3, MgCl 2 Á6H 2 O 5.1, NaH 2 PO 4 Á2H 2 O 6.2, NaHCO 3 155, glucose 100 and NaCl 800 (in mga100 ml¯uid). The solution was maintained at pH 7.4, 37±39 C and oxygenated with 95% O 2 and 5% CO 2 . The rats were anaesthetized (sodium pentobarbital 60 mgakg body weight i.p.) and heparinized (1000 IUakg i.v.). The bilateral isolation of penile vasculature was achieved by ligating all of the branching arteries except for the pudendal; then the abdominal aorta was cannulated proximal to the iliac bifurcation with a single lumen catheter. The catheter was connected to the perfusion apparatus via a pressure transducer for arterial pressure recording. After sectioning the vena cava and spinal cord to remove venous resistance and to eliminate neural in¯uences, a¯ow of perfusate (1 mlamin per 1 kg BW) through the abdominal cannula was initiated. The perfusion pressure was continuously recorded on a data acquisition system (MacLab, AD Instruments, Houston, TX). The perfusate was infused for twenty minutes to¯ush the penile vasculature of blood and obtain a stable pressure before the beginning of any experiment. Following this, sodium nitroprusside (SNP 20 mgaml) was infused to induce maximum vasodilation. 22 The¯ow rate-perfusion pressure relationship was determined by measuring the pressure at minimum vascular resistance at¯ow rates of 0.5, 1.0, 2.0, 4.0 mlamin per 1 kg BW. A cumulative a 1 -adrenoceptor concentration-response curve to methoxamine (MXA 1, 2.5, 5, 10, 25, 50 mgaml) was then generated. Each concentration of MXA was infused for a duration of 10 min, at which time a plateau was reached. Subsequently, a continuous injection of a cocktail containing a supraximal concentration of vasoconstrictors (vasopressin, 20.5 mgaml; angiotensin II, Penile vascular structure H Okabe et al 200 ngaml; MXA, 64 mgaml; Sigma) was given to ensure that maximum constrictor response that was not dependent upon the activation of a single receptor type was achieved. A second injection of the constrictor cocktail was administered to ensure the tissue`yield' re¯ected maximum constriction. This`yield' induced by the multi-vasoconstrictor cocktail has been demonstrated to correlate directly with the bulk of medial vascular smooth muscle cells in the resistance vasculature. A typical perfusion pressure tracing from this protocol can be seen in Figure 1 . At the end of the concentration-response relationship, the aorta was cut distal to the catheter, and a baseline¯ow-pressure curve was recorded again. This was done to ensure that pressure fell to zero and to account for any false pressure readings that may have resulted from movement of the catheter during the experiment.
Hindlimb vascular resistance properties
The hindlimb perfusion preparation was adopted from a technique originally designed by Folkow et al, 1 later modi®ed by Adams et al. 6 The perfusion experiment was performed as described above. Drugs were administered into the mixing chamber via a Harvard apparatus infusion pump. The rats were anaesthetized (Inactin 100 mgakg BW i.p.) and heparinized (1000 IUakg i.v.). Following a midline abdominal incision, the abdominal aorta was cannulated proximal to the iliac bifurcation with a double lumen catheter (Storz, St Louis, MO, USA), and the catheter was extended down the right common iliac artery. One lumen of the catheter was connected to the perfusion apparatus, while the other was connected to a pressure transducer for arterial pressure recording. The rat was perfused at a constant¯ow rate (2 mlamin per 100 g BW) and the experiments were carried out as described above. The¯ow rate-perfusion pressure relationship was recorded at¯ow rates of 0.5, 1.0, 2.0, 4.0 mlamin per 100 g BW. A cumulative a 1 -adrenoceptor concentration-response curve to MXA (0.5, 1, 2, 4, 8, 16, 32, 64 mml) was then generated. Each concentration of MXA was infused for a duration of 5 min, at which time a plateau was reached. Subsequently, a bolus injection of a cocktail containing a supramaximal concentration of vasoconstrictors was given as above. At the end of the concentration-response relationship, the iliac artery was cut distal to the catheter, and the¯ow-pressure curve was monitored again.
Flow rates for the hindlimb perfusion experiments were determined based on expected¯ow rates of exercising skeletal muscle at maximum dilation. The¯ow rate used resulted in a perfusion pressure at maximum dilation between 20± 25 mmHg which is well within the expected range. After checking several¯ow rates in the penile perfusion, a rate was obtained that resulted in a similar perfusion pressure at maximum dilation. The¯ow rates chosen also allow for the assessment at maximum constriction. This allowed for comparison between strains.
Analysis of data
All values in the ®gures and tables were expressed as mean AE s.d. Results comparing penile and hindlimb vasculature were analyzed using the Student's t-test. Differences were considered as signi®cant at P<0X05.
Results
There was no signi®cant difference in the body weight of the SHR in the penile assessment group (267 AE 29 g, n=5) and the hindlimb assessment group (270 AE 5.7 g, n 3). Although at similar age, the body weight of the SD hindlimb rats (375 AE 41 g, n 8) was signi®cantly higher than that of the SD penile rats (284 AE 32 g, n 5), however, this may not be relevant because in normotensive adult rats there is very little correlation between body weight and blood pressure. Table 1 Data shows no signi®cant difference in the slope of¯ow-pressure curve in all groups. The SHR hindlimb vasculature reaches a higher perfusion pressure with MXA alone as compared with the SHR penile vasculature as indicated by *. As a result, there is subsequently a steeper slope for the a 1 -adrenoceptor response (MXA). There was no signi®cant difference in Log EC 50 between any groups. There were no within strain differences between vascular beds in the normotensive SD rats within any of the parameters. All data are expressed as mean AE s.d.
Group
Slope,¯ow-pressure The hemodynamic analysis of vascular properties showed, in general, similar effects in most parameters between the penile and hindlimb vascular beds within each rat strain. The¯ow-pressure curve assessed at maximal dilation was similar in both the penile and the hindlimb vasculatures of SHR and SD rats as shown in Table 1 . These curves were monitored to ensure a linear increase in perfusion pressure with an increase in¯ow rate. The increase in the¯ow rate exerts a radial pressure against the vessel wall and results in increased pressure. Values in SHR trended towards a higher baseline pressure than the normotensive SD rats. This was observed in both penile and hindlimb vascular beds. These data suggest that SHR may have a smaller average lumen thus causing them to operate at a higher pressure than SD rats even when there is no constrictor tone on the vessel. Table 1 shows there was a statistically signi®cant difference in maximum constriction with a supramaximal dose of MXA ( b 50 mgaml for both penile and hindlimb vasculature) between SHR hindlimb vasculature (253 AE 25 mmHg) and SHR penile vasculature (172 AE 32 mmHg). This difference was not observed in SD rats. The discrepancy is novel and would require further assessment. It is possible that it may not be relevant in vivo. It is expected that higher responses would be seen in the SHR in both beds, however, only the hindlimb vasculature showed a signi®cant difference between SHR and SD rats. Average concentration response curves for MXA of the two strains in both beds are shown in Figure 2 .
The EC 50 of the concentration response curve shown in Table 1 gives the concentration of drug at which there is a 50% response to a 1 -adrenoceptor stimulation. This value would be an indication of the sensitivity of the tissue to this receptor activation. The log EC 50 of the MXA concentrationresponse curves were not different for penile and hindlimb vasculature in both SHR and SD rats therefore indicating similar sensitivity to receptor stimulation.
The steepest slope of the a 1 -adrenoceptor concentration-response curve is given in Table 1 . In SD rats, there was no statistically signi®cant difference in slope between penile vasculature (2.03 AE 0.68) and hindlimb vasculature (3.0 AE 0.99). The parameters showed a statistically signi®cant difference between SHR penile (1.64 AE 0.21) and SHR hindlimb (5.19 AE 3.0). This was expected since the maximal constriction with MXA was lower in penile vasculature while the EC 50 remained the same. Figure 3 depicts the structurally-based vascular resistance properties assessed at both maximum dilation and maximum constriction. There was no signi®cant difference in perfusion pressures at maximum dilation in the two beds within the rat strains. Between strains the penile vasculature Figure 2 Average a 1 -adrenoceptor concentration-response curves to MXA of the SHR and SD rats in both penile vasculature and hindlimb vasculature beds. Data is expressed as mean AE s.d.
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H Okabe et al trended towards higher pressures in the hypertensive rat as compared to the normotensive SD rats, however, it did not reach a level of signi®cance. In the hindlimb, there was a signi®cant difference. SHR reached a point of maximal constriction with the cocktail at a perfusion pressure that was 20% higher than SD rats in each vascular bed. There was no statistically signi®cant difference between the two beds within strain, suggesting that the penile and hindlimb vasculature undergo similar structural changes in genetically hypertensive rats. This point demonstrates the increased medial thickening that occurs in the hypertensive rats that allows for the maintenance of higher arterial operating pressures.
Discussion
The major ®ndings of this present study demonstrate that the penile vasculature is not protected from the structural changes that take place in the other vascular beds of spontaneously hypertensive rats (SHR) relative to normotensive strains. Increased medial thickening and narrowing of the vascular lumen have been found in blood vessels of a wide range of vascular beds of SHR. Therefore, the overall results of the present series of experiments have shown that the genetic disposition of SHR appears to dominate the structure regardless of the vascular bed. In this present study, a hemodynamic analysis was used to compare and contrast structurally-based vascular resistance in two vascular beds. The hindlimb bed was chosen for comparison since the vascular resistance properties are well established, and anatomically the feeder vessels of the two beds are common.
Our results demonstrated that the resistance properties at maximum dilation were similar in the two beds within strains. A general ®nding of studies comparing vascular resistance at minimum tone is that at the same¯ow, a higher perfusion pressure is normally obtained in SHR compared to normotensive rats. Therefore, ®ndings of elevated resistance properties at maximum dilation are consistent with there being an overall structurally-based narrowing of the vascular lumen. Resistance properties were further assessed by determining the slope of the¯ow-pressure curve at maximum dilation. This relationship was used to determine whether there were any differences in the passive vascular wall elements such as the extracellular matrix components, that is if distensibility was altered, there would be a differential effect on the¯ow-pressure curves. Furthermore, a thicker medial wall could also result in a stiffer vessel which would exhibit less compliance with increasing¯ow. The lack of a differential alteration in passive components of vascular properties suggest that the Figure 3 Structurally-based vascular resistance assessed at maximum dilation (Panel A), and at maximum constriction with a cocktail (Panel B). There was no difference between vascular beds, however, SHR in each case operate with higher perfusion pressures as compared to SD rats. Data is expressed as mean AE s.d. * Penile vasculature shows signi®cant difference compared with normotensive SD rats (P`0X05). **Shows signi®cant difference of hindlimb vasculature of SHR as compared to normotensive SD rats.
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Assessment of the active components of the vessel walls was determined by inducing a state of maximal vasoconstrictor tone using a cocktail of vasoconstrictor agonists. The supra-maximal, multiple agonist stimulus produces a maximum constrictor response which is independent of individual receptor population changes, thereby re¯ecting only the overall contractile bulk of the medial smooth muscle cells.
The ®ndings that sensitivity (EC 50 ) and reactivity (slope) to a 1 -adrenoceptor stimulation were not different between vascular beds or strains likely indicates that there is a similar stimulus-response coupling of the noradrenergic innervation in all of these vessels, that is there is a consensus of normal vascular biology (NVB). In the schematic ( Figure 4 ) the concept of structural changes dominating function is depicted. Therefore, the curves show that at any given level of vasoconstrictor tone, the hypertensive circulation will always have increased vascular resistance compared to a normotensive. Another way of looking at this concept would be that at the same level of constrictor tone, the normotensive circulation would be able to achieve the same in¯ow at a proportionately lower perfusion pressure than the hypertensive circulation. Taken together, the ®ndings indicate that the penile vasculature has an increased average medial mass coupled with decreased average lumen.
The physiology of an erection involves central nervous system initiation, neural pathway activation, and vascular smooth muscle relaxation. This signaling mediates vasodilation of penile arterial blood vessels and the trabecular meshwork of smooth muscle. 23 The resulting decrease in penile vascular resistance promotes an increase in arterial in¯ow and the ®lling of the corpora cavernosa. Subsequent to there being an appropriate high rate of in¯ow, the cavernosal`®lling' would result in occlusion of the sub-tunical veins and full rigidity. 24 The rate of in¯ow is critical because if there is not suf®cient volume change, venous occlusion can not take place. A selective structurally-based increase in penile resistance would produce a substantial impediment to in¯ow. That is, if penile vessel structure was more constrained than the rest of the circulation, there would be a`mismatching' of perfusion pressure and resistance selectively, that is, arterial insuf®ciency. On the other hand, it may be that when hypertension is ®rst established and there is a generalized upregulation of structurallybased vascular resistance in all vessels, there would not be any deleterious effect on erectile function because of a`matching' between perfusion pressure and resistance. Despite the hypertrophy of the penile vasculature, the arterial pressure would be proportionally elevated, thereby allowing for adequate blood¯ow to the penis.
Therefore, differential changes in penile vascular resistance are likely to be a critical issue in erectile function. That is, if such vascular structural changes take place in the penis in the absence of hypertension or systemic changes in vessel structure, there would not be the increase in arterial pressure required to compensate for the increased resistance. It may be that this condition could occur as an early indicator of progressing cardiovascular disease. The appearance of erectile dysfunction preceding the global clinical signs may, in fact, suggest an increased susceptibility of this vascular bed to pathological changes.
Pathological changes in the penile vasculature and alterations in function control systems have been shown to have a negative impact on erectile function. 25±29 Local constriction factors such as endothelin and sympathetic nerve mediated release of catecholamines are examples of substances which have been shown to be important players in detumescence, 24 but they also are likely to increase trophic responses in penile tissue. The physiology of penile erection and the structural maintenance of the tissue depends upon a balance between control systems that involve endothelial cells, vascular smooth muscle cells, ®broblasts, extracellular matrix, and nerves. 24 Any shift in the balance of these control systems either towards trophic responses such as vascular hypertrophy, focal ®brosis, or generalized production of the extracellular matrix or to the extremes of functional control systems can result in erectile dysfunction. Furthermore, as structure and function are so closely related, it is becoming increasingly important in understanding the mechanisms of ED that we investigate the reciprocal impact of structural changes on function and of changes in functional control systems on structure. Figure 4 Schematic depicting the concept of structural differences of hypertensive (SHR) and normotensive (SD) vessels and their expected impact on resistance. Note thickened medial layer in SHR vessel and smaller lumen resulting in higher point of maximum constriction and maximum dilation. The EC 50 is the same in both strains. Therefore, at the same level of constrictor tone, the hypertensive vessels operate at a higher perfusion presser. The steeper maximum slope of the curve in the hypertensive vessel depicts increased reactivity of the smooth muscle tissue to the vasoconstriction.
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The structure-function duality is already a prominent issue in the ®eld of hypertension. Therefore, although the primary goal of antihypertensive therapy has been to lower blood pressure, more upto-date therapeutic strategies have included consideration of the underlying structural basis such as left ventricular hypertrophy. Some antihypertensive drugs, including antagonists of the renin angiotensin system (RAS) have been shown to have the added feature of causing regression of vascular structural hypertrophy. 7, 30, 31 These agents act by preventing the actions of angiotensin II which has been implicated as a maintenance growth factor for vascular smooth muscle cells. These studies, however, have not been performed on penile vascular structures since it is not known whether compounds such as angiotensin II act as a maintenance factor in this bed. It may be that ED can serve as an early indicator of cardiovascular disease which can then be eliminated or arrested by timely treatment with drugs capable of causing regression of vascular hypertrophy, in particular producing a selective effect on the penile vasculature.
Conclusions
This hemodynamic study has shown that hypertension in SHR causes structural changes in penile vasculature similar to those in other vascular beds characterized by a narrow vascular lumen and increased medial smooth muscle bulk. Even though the penis plays a critical role in reproduction, it is not protected from structural changes that are associated with hypertension. There does not appear to be an underlying functional control mechanism that protects the penile vasculature from structural changes that may have a negative impact on penile blood¯ow. It is expected that hypertension in human beings is likely to have a similar impact on penile vascular structure.
